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Effect of perfusion rate on the fluxes of water, sodium, chloride
and urea across the proximal convoluted tubule. Studies were under-
taken to examine the mechanism whereby changes in intralominal
flow rates alter reabsorption in the isolated perfused proximal
tubule of the rabbit. All protocols employed the technique of in
vitro perfusion of isolated segments of the proximal convoluted
tubule. Stepwise elimination of d—glucose and 1—alanine from an
artificial perfusate simulating ultrafiltrate decreased the unidirec-
tional flux of sodium, transtubular potential difference, and net
water absorption. Using isosmolal ultrafiltrate as the perfusate, net
fluid reabsorption and the unidirectional lumen-to-bath flux of
sodium and chloride decreased with a decrease in flow rate below
II nI/mm, but neither net fluid reabsorption nor the unidirectional
fluxes of sodium and chloride increased further as the perfusion
rate was increased above 11 nI/mm. The unidirectional flux of
"C—urea was not affected by changes of perfusion rate from 1.6 to
44 nI/mm. The dependence of net fluid reabsorption and unidirec-
tional fluxes of sodium and chloride on flow rate per se, and not on
intraluminal hydrostatic pressure or geometry, was established by
demonstrating their decrease despite a rise in intraluminal pressure
and inside diameter produced by counterpressure at the collecting
end of the tubule, while flow was decreased. Ouabain decreased net
fluid reabsorption to near zero at all flow rates, but ouabain had no
effect on the flow-dependency of unidirectional sodium and chlo-
ride fluxes. Furthermore, the flow-dependency of the unidirec-
tional flux of sodium was eliminated with a decrease in bicarbonate
concentration and removal of d—glucose and /—alanine from the
perfusate. Thus, the present studies demonstrate that net water and
unidirectional sodium and chloride fluxes are flow-dependent. At
flow rates somewhere below II nI/mm, unidirectional fluxes de-
creased with decreasing perfusion rates; however, at perfusion
rates greater than II nI/mm, there was no further effect of per-
fusion rate on either net water absorption or the unidirectional
fluxes of sodium or chloride. These effects may be partly mediated
through the flow-dependent changes in the intraluminal concentra-
tion of bicarbonate, d—glucose, and 1—alanine.
Effet du debit de perfusion sur les flux d'eau, de sodium, de chiore
et d'urée a travers le tube contourné proximal. Ce travail a été
entrepris afin d'étudier Ic mécanisme par lequel les variations do
debit intraluminal modifient Ia reabsorption dans Ic tube proximal
de lapin isolé et perfuse. Tous le protocoles ont utilisé Ia technique
de perfusion in vitro de segments isolés de tube contourné prox-
imal. L'élimination progressive do d—glucose et de Ia l—alanine
d'une solution de perfusion artificielle ressemblant a de
l'ultrafiltrat diminue le flux unidireetionnel de sodium, Ia diférence
de potentiel transtubulaire et Ia reabsorption nette d'eau. Quand
Received for publication February 13, 1976;
and in revised form August 23, 1976.
@ 1977, by the International Society of Nephrology.
18
de l'ultrafiltrat iso-osmolaire est utilisé comme perfusat, Ia réab-
sorption nette de liquide et le flux unidirectionnel, de Ia lumière
vers le ham, de sodium et de chlore diminue avec Ic debit de
perfusion quand celui-ci est inférieur a II nI/mm, mais ni Ia
reabsorption de liquide, ni les flux unidrectionnels n'augmentent
quand Ic debit de perfusion est supérieur a II ni/mm. Le flux
unidirectional d'urCe-"C n'est pas affectC par les variations du
debit de perfusion entre 1,6 et 44 nI/mm. La dépendance de Ia
reabsorption nette de liquide et des flux unidirectionnels de sodium
et de chlore do debit de perfusion loi-même, et non de Ia pression
hydrostatique intraluminale ou de Ia géométrie, a été établie en
démontrant leur diminution malgré one augmentation de Ia press-
ion intraluminale et du diamètre interne produite par one contre-
pression a l'extrémité terminale du tubule alors que Ic debit de
perfusion était diminué. L'ouabaIne dirninue Ia reabsorption nette
de liquide des valeurs voisines de zero a tous les debits de
perfusion mais elle n'a pas d'effet sur Ia dépendance vis-à-vis do
debit des flux unidirectionnels de sodium et de chlore. Dc plus, Ia
dépendance du flux unidirectionnel de sodium vis-à-vis do debit est
annulée par Ia diminution de Ia concentration du bicarbonate et Ia
suppression do d—glucose et de Ia 1—alanine du perfusat. Ainsi ce
travail démontre que le flux net d'eau et les flux unidirectionnels de
sodium et de chlore sont dépendants do debit. A des debits in-
férieurs a II nI/mm les flux unidirectionnels diminuent en mCme
temps que Ic debit. A des debits supérieurs II nI/mm, cependant,
il n'y a pas d'effet supplémentaire do debit de perfusion, ni sur Ia
reabsorption nette d'eau, ni sur les flux unidirectionnels de sodium
et de chlore. Ces effets poorraient étre en partie exercés par
l'intermédiaire de modifications de concentrations, dépendantes du
debit, do bicarbonate, do d—glucose et de Ia /—alanine.
A number of previous studies have stressed the
importance of peritubular factors in regulating net
transport of fluid out of the proximal convoluted
tubule. However, relatively few studies have exam-
ined the effect of intralumina! factors on net trans-
port of salt and water. We have previously shown
that the magnitude of the transtubular potential dif-
ference (PD) across the in vitro perfused proximal
tubule is dependent on the tubular perfusion rate [1]
and further that the PD dependency, observed partic-
ularly at low rates of perfusion, was secondary to
depletion of glucose, amino acids and bicarbonate
[2]. Thus, when proximal convoluted tubules were
perfused with fluid simulating end—proximal tubular
fluid (high chloride, low bicarbonate, glucose, and
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amino acids), the lumen was positive to the blood
side, whereas when the tubule was perfused with ul-
trafiltrate containing normal concentrations of glu-
cose, amino acids, and bicarbonate [2], the lumen was
negative to the blood side. Similar findings have been
found more recently in vivo [3—5]. Furthermore, sev-
eral studies have stressed the importance of high con-
centration of intraluminal chloride as a possible driv-
ing force for net transport of NaCI out of the
proximal convoluted [3, 6—8] and proximal straight
tubule [9]. In addition, Bartoli and Earley [10] have
shown by in vivo microperfusion techniques that de-
creased rates of perfusion of proximal tubules of the
rat with ultrafiltrate were associated with concordant
reductions in the absolute reabsorption rates. In
those studies the peritubular factors were kept con-
stant. These in vitro and in vivo studies suggest that
luminal factors do, in fact, modulate proximal reab-
sorption, and that the effect is mediated by reduced
flow rates which result in a reduction in certain criti-
cal intraluminal constituents.
The present experiments were designed to examine
the manner in which flow-dependence is articulated
with proximal tubular reabsorption. First, the rela-
tion of glucose and amino acid to net sodium reab-
sorption was examined. Second, the range of flows
within which flow—dependence occurs was defined.
Third, the role, if any, of tubular geometry flow rates
per se and unstirred layer was studied. The newly
derived data are discussed in the context of glome-
rulotubular balance.
Methods
All experiments were conducted using the tech-
nique where isolated segments of proximal con-
voluted tubules were perfused in vitro. The nephrons
were obtained from kidneys from 1.5 to 2.5 kg female
New Zealand white rabbits and dissected from below
the surface layer.1 The tubules were perfused either
with ultrafiltrate of the rabbit serum obtained
through an ultrafiltration membrane (PM-30, Amicon
Corporation, Lexington, MA) or with artificial solu-
tions with compositions as shown in Table I. Per-
fusion rate was controlled either by a perfusion pump
(Sage Instruments, Inc., White Plains, NY) or by
Since this work was completed, a number of publications have
stressed the possibility that functional heterogeneity exists along
the proximal convoluted tubules with respect to the location of
the segment from the glomerulus. We unfortunately were not
aware of these possibilities when the present studies were con-
ducted and accordingly, no systematic cataloging of origin of
proximal convoluted segment was performed. Presumably the
present studies were conducted either on early proximal con-
voluted tubules or any segment ofjuxtamedullary tubules in view
of the higher relative sodium than chloride permeability [Ill.
hydrostatic pressure by varying the height of a fluid
reservoir which was connected to the back end of the
perfusion pipette. Perfusion rates were randomized to
obviate any bias. Isosmolal rabbit serum was used as
the ambient bath in all experiments. Bath was kept at
37°C and at a pH of 7.4 by continuous bubbling with
95% 02 and 5% CO2.
Four fundamentally different groups of experi-
ments were performed. The purpose and design of the
various groups were as follows:
Group 1. In this group of studies the effect of per-
fusion rate on net fluid absorption and unidirectional
fluxes of sodium, chloride, and urea were examined.
Two subgroups of experiments were conducted. In
group IA experiments (N = 6), net fluid absorption
and unidirectional flux of sodium were determined at
three different perfusion rates. Two or three ten-min-
ute collection periods were obtained at the various
given perfusion rates. Group lB experiments (N =
37) were designed to determine the magnitude of the
isotopic unidirectional fluxes of sodium, chloride and
urea at four to six different perfusion rates. In these
experiments, only one sample collection was obtained
at a given perfusion rate because of the length of this
protocol. In each experiment 10-to 20-minute equili-
bration periods were interposed between each change
of the perfusion rate.
Group 2 (N = 11). The purpose of this group of
studies was to examine the effect of perfusion rate per
Se, as contrasted to hydrostatic pressure and tubular
diameter, on the magnitude of the unidirectional
fluxes of sodium and chloride. The dissociation of
these factors was accomplished by applying counter-
pressure to the distal end of the tubule by constricting
it with the tip of a constant bore pipette in the collect-
ing pipette as shown in Figure 1. With partial ob-
struction of the tubule, the perfusion rate decreased
while the tubular radius and the intraluminal hydro-
static pressure increased. A total of eight to nine
collections were obtained using a single tubule. First,
three control collections were obtained prior to distal
constriction, then two or three experimental collec-
Table 1. Compositions of artificial solutions (mM)
Solutions A A-g A-g-a B
NaCI 105.0 105.0 105.0 141.0
NaHCO3 25.0 25.0 25.0 5.0
Na acetate 10.0 10.0 10.0 5.0
KCI 5.0 5.0 5.0 5.0
NaH2PO4 4.0 4.0 4.0 2.0
CaCI2 1.8 1.8 1.8 1.8
MgSO4 1.0 1.0 1.0 1.0
D—glucose 8.0 0 0 0
L—alanine 5.0 5.0 0 0
Sucrose 0 8.0 13.0 0
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Lumen to bath sodium fIUX(JNaljb pEq mm'
min') was calculated as [13]:2
(2)
where Na0 = sodium concentration of perfusate in
pEq ni', [Na*],, [Na*]0 = concentration of 22Na
respectively in the perfusate and collected fluid in
cpm/nl, and A is the surface area in cm2 assuming
inside diameter of 2Ot.
In order to compare lumen to bath fluxes of 38C1
and '4C—urea with sodium flux, the fluxes were nor-
malized by dividing with luminal concentration of
each substance and expressed in terms of per-
meability coefficient, Px, cm sec':
(3)Cx
where Jx flux of a given substance and Cx = the
concentration of the same substance.
Source of isotopes were the following:
'251—iothalamate (GIofil—l25, Abbott Laboratories,
North Chicago, IL) which was used as a volume
marker, 22Na (New England Nuclear Corp., Boston,
MA), 36C1 (International Nuclear Corp., Irvine, CA),
and '4C—urea (International Nuclear Corp.). The
length of the tubule was measured with an ocular
micrometer. Luminal surface area was calculated
from the assumed tubular diameter of 2Op. Re-
sults are expressed as mean standard error. The
statistics were performed using paired t test analysis
comparing the measured absolute values of the pa-
rameters between the control and experimental peri-
ods.
Results
Group I: Effect of perfusion rates on net fluid absorp-
tion and unidirectional sodium fluxes. Group IA. In
our initial studies the effect of perfusion rate on net
fluid absorption and unidirectional fluxes of sodium
were examined at three different perfusion rates: 2.8
+ 0.19, 11.2 + 0.83, and 20.0 2.96 ni min'. As
shown in Figure 2, a significant flow dependence of
Fig. 1. Schematic of the ,nethod by which the collecting end of the
tubule was constructed.
tions were obtained during the partial obstruction
followed by three recovery period collections after
the constriction was released. Isotopic 22Na flux was
determined in six tubules, while isotopic 36Cl flux was
measured in five tubules.
Group 3. This group of experiments was designed
to study the effect of ouabain on the flow dependency
of net water absorption (C) and unidirectional iso-
topic sodium flux (JNaUbI). During the control periods
C and JNa[lb} were measured at two different per-
fusion rates. Ouabain (l0- M) was then added to the
bath and C and JNalb were again measured at per-
fusion rates similar to those used during the control
periods. In group 1 through 3 experiments, the per-
fusate was isomolal ultrafiltrate of rabbit serum.
Group 4 (N = 6). This group examined the effect of
glucose and/or amino acids on net water and unidi-
rectional sodium fluxes. During the control periods
the tubules were perfused with an artificial solution
simulating ultrafiltrate, solution A (Table 1). Then
the perfusate was changed to glucose-free artificial
solution-A-g, the composition of which was identical to
solution A except that d-glucose was replaced with
sucrose. Then the perfusate was further changed to
glucose— and amino acid—free solution—A—g—a, the
composition of which was identical to those of solu-
tion A except that both d—glucose and 1—alanine were
replaced with sucrose.
Calculations. Net fluid absorption was calculated
as follows [12]:
(1)
where V, = perfusion rate, V0 = collection rate and L
= length of the tubule in mm.
This equation makes the assumption that the reflection
coefficient of the sodium (or other ions) is equal to unity. A more
accurate expression would be [131:
— N'
-
V1 — V0 [In [Na*]j/[Na*1o + (i +yN,(Ib — A L In V1/V0 2
where 'y, = reflection coefficient of sodium ion. Since has
not been measured across the rabbit proximal convoluted tu-
bules, we used the generally accepted equation 2. Equation 2,
however, introduces less than a 10% error, even if 'YNa = 0.5.
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Fig. 2. Effect of perfusion rate on net water absorption and unidirec-
tional sodium flux (Iumen-ro-bath).
net water absorption was observed at low perfusion
rates, but not at higher flow rates. Net water absorp-
tion increased from 0.70 0.08 to 1.23 0.13 nl
mm min' (P < 0.005) when the perfusion rate was
increased from 2.8 to 11.2 nI min', whereas no fur-
ther increase was noted when the perfusion rate was
increased to 20 nI min1. The mean net fluid reab-
sorption at 20.0 nI/mm was 1.21 + 0.19 ni mm'
min'. Similarly, the lumen to bath sodium flux in-
creased from 300.8 45.1 to 527.5 + 64.7 pEq
mm' min' (P < 0.005) when the perfusion rate was
increased from 2.8 to 11.2 nI min1 and remained
unchanged at 580.8 + 61.7 pEq mm' min' with
further increase of perfusion rate to 20.03 nl min1.
Group lB experiments were designed to examine
the effect of five different perfusion rates on net water
flux, and on unidirectional sodium, chloride, and urea
fluxes. Four separate subgroups of experiments were
performed. In each case the same tubule was perfused
at five different rates. In the first set, net and frac-
tional water reabsorption was evaluated at 2.2
0.54, 5.6 0.38, 11.3 + 0.68, 21.4 1.42 and 44.0 +
3.40 nl/min. These results are shown in Figure 3 and
indicate that net water reabsorption decreased
markedly at flow rates less than 11 nl/min. Also, it is
apparent that fractional water reabsorption was not
constant and progressively increased at lower flow
rates. Figure 4 plots the results of those studies in
which the magnitude of the unidirectional sodium
fluxes was measured as a function of five different
perfusion rates: 1.7 0.4, 5.8 0.9, 11.6 0.9,
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Fig. 3. Net and fractional water absorption as function of the per-
fusion rate. The open circle (0) represents net fluid absorption; theI I I closed circle () represents fractiona' absorption.
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21.8 + 0.9 and 37.8 + 2. nI/mm. Thus, the data of
Figures 2, 3 and 4 show that both net water and
unidirectional sodium fluxes are dependent on the
perfusion rate. In the third subgroup of experiments,
we examined whether there is flow dependency of
chloride transport. In these studies ten tubules were
perfused with ultrafiltrate containing 36C1 at five dif-
ferent perfusion rates: 2.36 + 0.35, 7.0 0.40, 12.9
1.2, 22.7 1.3, and 39.0 + 0.9 nI min'. Similar
permeability for '4C-urea was also determined in nine
tubules according to the same protocol in which the
tubules were perfused at five different perfusion rates,
1.5 + 0.2, 5.2 + 0.2, 12.6 + 0.67, 22.6 1.7, and
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Fig. 4. Unidirectional sodium flux, lumen-to-bath, as functions of the
perfusion rate.
45.5 3. nI min'. The results of both of these
subgroups are summarized in Figure 5 and compared
to similarly obtained data for sodium. It is clear from
this figure that the permeability coefficient for chlo-
ride shows flow dependency similar to sodium. How-
ever, there is no significant change in the urea per-
meability coefficient when the perfusion rate is
varied.
Group 2: Dissociation of flow rate from tubular ge-
ometry and hydrostatic pressure. Since the increase in
perfusion rate is always associated with an increase in
both the tubular diameter and the perfusion pressure,
it is possible that the change in either the surface area
of the tubule or transtubular hydrostatic pressure
gradient is responsible for the changes in sodium and
chloride fluxes. Reduction of perfusion rate induced
by constricting the tubular outflow (Fig. 1) would be
associated with an increase in tubular diameter and
intratubular pressure. Thus, the perfusion rate can be
completely dissociated from the tubular diameter and
intraluminal pressure by the technique where coun-
terpressure is applied to the collection end of the
tubule.
The results are summarized in Figure 6 where the
effect of outflow constriction on tubular diameter,
perfusion rate, and lumen to bath sodium and chlo-
ride fluxes is shown. As clearly shown in this figure,
tubular inside diameter increased significantly (P <
0.005, paired t) during the periods of constriction in
association with marked reductions in the perfusion
rate. Unidirectional fluxes of sodium (P < 0,005) and
chloride (P < 0.01) are clearly decreased in associa-
tion with the decrease in perfusion rate in spite of the
increase in tubular diameter. Although we did not
measure the intratubular hydrostatic pressure, it is
likely that it is also increased during the constriction
periods since the tubular diameter increased, Thus,
we conclude that changes in unidirectional fluxes of
sodium and chloride are influenced by the changes in
linear flow velocity and not related to changes in the
tubular diameter or the transtubular hydrostatic
pressure.
Group 3: Effect on ouahain or flow-dependent sodium
fluxes. To examine whether ouabain affects the flow-
dependency of sodium fluxes, tubules were first per-
fused at two different perfusion rates in the absence
of ouabain and then two additional sets of collections
were made at similar perfusion rates, but after 10' M
ouabain was added to the bath. The results of these
experiments are shown in Figure 7. During control
periods, net water absorption and unidirectional
fluxes of sodium from lumen to bath increased from
0.51 0.06 to 0.95 0.13 nI mm' min', (P <
0.001) and from 289.0 20.8 to 461.1 48.1 pEq
mm-' min' (P < 0.005), respectively, when per-
fusion rate was increased from 3.03 ÷0.41 to 15.16
0.91 nI min'. These results are similar to ones in
Figures 2 to 4. After administration of 10' M oua-
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transport of sodium [2—4]. Thus it was attractive to
postulate that removal of these constituents may af-
fect the observed flow-dependency of sodium fluxes.
To explore this possibility, we first examined the ef-
fect of luminal glucose and amino acid concentration
on transtubular potential difference (PD), net water
absorption, and unidirectional sodium flux by per-
fusing the tubules with artificial solutions with or
without d-glucose and/or /-alanine. Electrolyte com-
positions of the perfusates were identical to those of
regular rabbit serum. The results of six experiments
are shown in Figure 8. When the tubules were per-
fused with solution-A which contains both d-glucose
and /-alanine, PD was —3.0 + 0,4 mV lumen nega-
tive; net water absorption was 0.96 0.19 nI mm'
min'; and lumen to bath sodium flux was 433.3 +
60.4 pEq mm' min'. These findings indicate that
the capacity of the tubule to transport sodium is well
maintained during the perfusion with artificial solu-
tion. Stepwise elimination of d-glucose and l-alanine
from the perfusate resulted in the decrease in PD, net
water absorption, and unidirectional flux of sodium.
In the complete absence of both glucose and amino
glucose +Perfusate
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Fig 7. Persistence of flow-dependent sodium flux after addition of
lO molar ouabain to the bath.
bain to the bath, net water absorption decreased to
0.06 + 0.07 and 0.23 0.17 nl mm' mm-' at similar
flow rates. These values are not statistically different.
On the other hand, simultaneously measured unidi-
rectional sodium flux increased from 218.0 33.9 to
324.5 + 32.8 pEq mm' min' (P < 0.01) when
perfusion rate was increased from 2.98 0.48 to
15.23 + 1.09 nI min'. These observations indicate
that unidirectional flux of sodium is still flow-depen-
dent when the ouabain sensitive component of so-
dium transport is suppressed.
Group 4: The effect of removal of d-glucose and I-
alanine (isosmolal replacement with sucrose) on trans-
tubular potential difference, net water absorption and
unidirectional sodium flux. A number of previous
studies have suggested that glucose and amino acid
transport in the proximal tubule is partly coupled to
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Fig. 8. Effect of d-glucose and 1-alanine in the perfusate on trans-
tubular electrical potential difference (PD), net water absorption, and
unidirectional sodiu,n flux.
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acid, PD reduced significantly from —3.0 0.4 to
—0.6 + 0.2 mV (P < 0.001), net water absorption
decreased from 0.96 0.19 to 0.23 + 0.15 nI mm1
min' (P < 0.02); and unidirectional sodium flux
decreased from 433.3 60.4 to 320.2 57.8 (P <
0.01) pEq mm-' min'. These observations suggest
that glucose and amino acid transport are coupled to
sodium transport at the luminal interface and are
partly responsible for the magnitude of net water
reabsorption and the unidirectional flux of sodium.
In addition, these studies are consistent with the pre-
vious demonstration that luminal glucose and alanine
concentration greatly influence the degree of negativ-
ity of the transepithelial PD across the proximal tu-
bule [2].
Group 4: The eJfrct of removal of d-glucose and
alanine and decrease in bicarbonate concentration of
flow-dependency of unidirectional sodium efflux. The
finding that net water absorption is dependent on the
luminal concentration of substrates led us to ex-
amine whether the flow-dependency of unidirectional
flux of sodium can be abolished by perfusing tubules
with fluid simulating end proximal tubular fluid. In
contrast to results of Figures 2 and 4, when tubules
were perfused with solution B (Table 1), the unidirec-
tional flux of sodium at mean perfusion rate of 3.5
ni/mm = 276.2 30.3 pEq mm1 min'; 11.5 ni/mm
= 341.9 + 34.8 pEq mm-' min'; and at 24 nl/min
304.9 + 22.5 pEq mm' min1. Though the unidirec-
tional flux of sodium at 11.5 nI/mm is higher than at
3.5 (P < 0.05) and 24 (P < 0.05) nI/mm, the usual
marked flow-dependency of unidirectional sodium
flux (Figures 2 and 4) was not obtained. The unidirec-
tional flux of sodium at 3.5 nI/mm vs. 24 nI/mm were
not statistically different from each other (P> 0.05).
Discussion
The present studies clearly establish that net so-
dium and water reabsorption were partially depen-
dent on the flow rate. At flow rates below 11 ni/mm,
unidirectional fluxes of sodium and chloride (Fig. 5)
increased with increasing perfusion rates. However,
at perfusion rates greater than 11 nI/mm, neither net
water reabsorption nor the unidirectional fluxes of
sodium and chloride changed as the perfusion rates
were increased to about 40 nI/mm (Fig. 2 to 5). No
flow-dependence was noted at any perfusion rate for
'4C—urea fluxes (Fig. 5).
Burg and Orloff [12] and Morgan and Berliner [14]
have previously reported that net fluid absorption in
either the in vitro or the in vivo perfused proximal
tubule did not change when perfusion rates were
varied. Similarly, Morel and Murayama [15] failed
to demonstrate flow-dependence of unidirectional so-
dium flux in the in vivo perfused proximal convoluted
tubule of rat. However, their findings are not at vari-
ance with our current data, since studies cited above
were conducted at rates in excess of 6 to 10 nI/mm; in
none of these studies were the reabsorptive rates ex-
amined at lower perfusion rates. More recently
Radtke et al [16] noted small, but significant, de-
creases in net reabsorptive rates and unidirectional
efflux of 36Cl when perfusion rates of rat proximal
tubule were decreased from 16 ni/mm to 5 to 6
ni/mm. Similarly, Bartoli and Earley [10] have
shown that if the in vivo nephron perfusion rate was
diminished by 40% from 26 to 16 nI/mm (by more
proximal aspiration of fluid) that net reabsorption of
fluid from the proximal tubule was decreased by 17%.
it thus appears from the present and previously re-
ported studies that net reabsorption and unidirec-
tional efflux of sodium and chloride (but not urea)
are dependent in parallel fashion on the flow rates
when perfusion rates are slow, but that these parame-
ters become stable and independent of the perfusion
rates at greater flow rates.
Several possible mechanisms may be of importance
in mediating flow-dependence at slow perfusion rates
(below Ii ni/mm). First, a reduction in flow rate, by
reducing intratubular hydrostatic pressure, might de-
crease a driving force for tubular reabsorption. Sec-
ond, tubular geometry might mediate the observed
decrease in reabsorption when flow rates are reduced,
since less efficient transport might result because of
reduced effective tubular surface. Third, the effects of
an unstirred layer might become more significant as
flow rates are reduced, thereby impeding reabsorp-
tion. Fourth, a depletion of luminal substrates as
flow rates are reduced might diminish the concentra-
tion of critical constituents required to sustain high
reabsorption rates. It is quite possible, for example,
that transport of Na (and thus Cl and water) is some-
how coupled to transport of glucose and amino acids,
so that as perfusion rates are reduced there is a trans-
port depletion of these latter substances that would in
turn limit the efflux of salt and water.
The present experiments clearly rule out the possi-
bility of transtubular hydrostatic pressure and tubu-
lar geometry as factors responsible for the observed
flow—dependent phenomena. When counterpressure
was applied to the distal end of the tubule (Fig. 1),
the hydrostatic pressure in the lumen undoubtedly in-
creased in association with an increase in the tubular
radius. Under such circumstances, when perfusion
pressure was decreased, reabsorption was also de-
creased despite increased luminal hydrostatic pres-
sure (Fig. 6). The contribution of unstirred layer to
the observed flow dependency also seems unlikely for
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three reasons. First, the free diffusion coefficient of
sodium is so much greater than the permeability
coefficient of sodium across the proximal tubule that
it would be unlikely that diffusion across unstirred
layers of varying thickness would be rate—limiting.
Second, when the mucopolysaccaride layer over the
microvilli was removed by perfusing the tubule with
fresh hyaluranidase obtained from the testis, we were
unable to abolish the flow-dependent sodium efflux
(unpublished observations, Imai and Kokko). Third,
Schafer and Andreoli [17] have directly shown that
significant unstirred layers do not exist in isolated
perfused collecting ducts. This is relevant since the
dimensions of the proximal convoluted tubule are of
the same general order as those of the collecting duct.
The finding that ouabain does not abolish the
flow—dependent sodium effiux (Fig. 7) suggests, but
admittedly does not prove, that the total capacity
for net sodium transport need not be preserved in-
tact in order for sodium reabsorption to display
flow—dependence. On the other hand, the observation
that flow— dependence of sodium was abolished when
the tubules were perfused with solution B (group 4B)
suggests that sodium transport is coupled to the
transport of bicarbonate and organic substrates. The
present findings then afford a possible explanation
for our recent demonstration that the flow-depen-
dence of the transepithelial PD is dependent on the
intraluminal concentration of glucose and amino
acids. It is reasonable to suggest, on the basis of the
present findings, that enhanced glucose and amino
acid transport increased the magnitude of the nega-
tive PD by accelerating sodium reabsorption. This is
the first demonstration in the isolated proximal tubule
that net sodium reabsorption in this segment is in-
fluenced by the rate of glucose and amino acid reab-
sorption (Fig. 8).
These observations emphasize that unidirectional
efflux of sodium out of the proximal tubule is coupled
to transport of organic substrates, a process which is
of importance especially in the early part of the prox-
imal tubule prior to transport depletion of these sub-
strates. If glucose and amino acids are selectively
removed from the perfusate (with isosmolal replace-
ment by sucrose) then net unidirectional effiux of
sodium is decreased significantly (Fig. 8). If these
results are extrapolated to in vivo conditions, then it
can be argued that transport of glucose and amino
acids would express their main effect only across the
earliest part of the proximal convoluted tubule and,
therefore, these substrates would have only a minimal
effect on net transport when the entire length of the
proximal tubule is considered. In all likelihood, the
principal in vivo mechanism responsible for depletion
of intraluminal substrates critical for sodium trans-
port is slow flow, since the plasma concentrations
of glucose and amino acids under normal conditions
are relatively constant.
It is not unreasonable to speculate that flow-depen-
dence, by influencing the concentrations of in-
traluminal substrates, could contribute to the regu-
lation of sodium reabsorption in vivo. Indeed, Barratt
et al [3] have recently shown that reduction in the
intraluminal concentration of glucose decreased the
transepithelial PD of the proximal tubule. If the mag-
nitude of the negative PD reflects, in part, active so-
dium transport, this suggests that sodium reabsorp-
tion is reduced by diminished intraluminal concentration
of substrates in vivo as well as in vitro. A secondary
consequence of the coupling of the reabsorption of
glucose and amino acid to sodium is the effect on water
movement. Enhanced reabsorption of these constitu-
ents, by drawing water out of the tubule, would ele-
vate intraluminal chloride concentration, thereby fa-
cilitating the more distal passive reabsorption of
chloride (and sodium) down an electrochemical
gradient; if proximal reabsorption of organic sub-
strates were reduced, hyperchloruria would be less,
and a more distal passive NaCI reabsorption would
therefore be diminished. It is evident that coupled
transport has an amplified effect on NaCI reabsorp-
tion by influencing the intraluminal concentration of
chloride. Since urea is not coupled to transport of
these substrates, its unidirectional effiux is not depen-
dent on flow rate when glucose and amino acids are
present (Fig. 5)3
The present studies, by demonstrating that an in-
traluminal load of several plasma substrates in-
fluences transport of salt out of the proximal tubule,
also point to a role for these substrates in the overall
phenomenon of glomerulotubular balance. Glome-
rulotubular balance is a term which refers to the
constancy of fractional reabsorption in the proximal
tubule when the filtered load is varied. Since pen-
tubular factors have been demonstrated to have an
important influence on glomerulotubular balance, ex-
amination of the role of intraluminal factors requires
that the penitubular environment is kept constant.
The failure of urea to display any flow-dependence is in accord
with the independence of permeability coefficients and flow rate
as displayed by equation 2 [9] (see text). This should not be
construed to indicate that changes in net reabsorption in vivo
should not influence net urea reabsorption. During hydropenia,
increased fractional reabsorption in the proximal tubule elevates
intraluminal concentration of urea thereby providing a downhill
concentration gradient for outward urea diffusion, at the same
time there is reduced back leak of reabsorbate (including urea)
through tight intercellular junctions. The net effect is enhanced
passive reabsorption of urea. The opposite would occur during
volume expansion.
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For this reason the in vitro perfusion of isolated
rabbit proximal tubule offers the great experimental
advantage that the external mileu (bath) is maintained
constant while the intraluminal factors can be varied
by altering either the rate or the composition of the
perfusion fluid.
Figure 9 represents a theoretical model in which
the hypothetical contribution of luminal and pen-
tubular factors is portrayed. This figure was con-
structed from the new data presented in the current
study together with data described previously in the
literature. Though this figure was constructed from
the available data, it should be interpreted only in a
qualitative sense in view of the quantitative uncer-
tainties inherent with data extrapolations from in
vitro to in vivo conditions. The horizontal axis repre-
sents filtered load (perfusion rate) and the vertical
axis net fluid reabsorption. Perfect glomerulotubular
balance exists when net fluid reabsorption changes in
exact proportion to the filtered load, as is indicated
by the line of identity. Line C depicts net reabsorp-
tion as a function of perfusion rate (filtered load) in
the isolated perfused tubule (Fig. 3).
As the perfusion rate is increased above 11 nI/mm,
net reabsorption in the isolated tubule (C) remains
constant, whereas under free flow in vivo conditions,
net reabsorption increases directly with the filtered
load (fractional reabsorption remains constant) as is
indicated by the solid line A. The constancy of net
reabsorption in the isolated tubule at perfusion rates
above 11 nl/min is attributable to the fact that in this
range intraluminal concentrations of substrates do
not vary, while peritubular factors cannot change,
owing to the constancy of the composition of the
bath. By contrast, net reabsorption increases with
A Perfectglomerulotubular
balance
increasing filtered load in the in vivo free flow setting
because, even though intraluminal concentration of
substrates is constant, penitubular Starling forces (de-
creased effective hydraulic pressure and increased ef-
fective oncotic pressure) favor reabsorption [18—21],
presumably as a consequence of a rise in filtration
fraction.
The dashed line (B) is a theoretical portrayal of the
constancy of net reabsorption in the isolated tubule
at rates of perfusion when the bath concentration is
maintained unchanged at 7 gm/lOO ml and in-
traluminal substrate concentrations are maintained
constant throughout.
At perfusion rates in the isolated tubule below 11
nI/mm, the bath protein remains constant but in-
traluminal substrates are depleted, In consequence,
net reabsorption (line C) is less than that indicated by
the dashed line B. The solid line (A) portrays the in
vivo free flow concentrations where there is both a fall
in intraluminal substrated concentrations (as in the
isolated tubule) coupled with the additional effect of
decreasing peritubular protein concentration result-
ing from a decreased filtration fraction.
It is, therefore, suggested that glomerulotubular
balance may be influenced by a varying concentration
of intraluminal substrates and peritubular Starling
forces, depending on the rate of tubular flow. As flow
rates are decreased within the range of 11 to 0 nI/rn in,
intratubular substrates may contribute an increasing
influence to tubular reabsorption, until a maximum
effect is attained at very low flows; glomerulotubular
balance reflects the contribution of substrates as well
as peritubular Starling forces. Above 11 nI/mm, in-
tratubular substrates contribute no further influence
to tubular reabsorption; glomerulotubular balance in
this range is, therefore, entirely a function of pen-
tubular Starling forces.
In summary, the present studies indicate that net
sodium and water reabsorption in the early part of
the proximal tubule is partially dependent on the
reabsorption of glucose and amino acids. With per-
fusion of solutions simulating ultrafiltrates of plasma,
the reabsorption of sodium was flow-dependent up to
a maximum flow rate of 11 nl/min. Flow-depen-
dence, at all rates of perfusion, could be obliterated
with a decrease in bicarbonate concentration and
removal of glucose and amino acid from the per-
fusate. These results suggest that flow-dependent net
reabsorption may contribute to the maintenance of
glomerulotubular balance.
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